Abstract. This review provides an introduction to stable isotope dilution mass spectrometry (MS) and its emerging applications in the analysis of membrane transporter proteins. Various approaches and application examples, for the generation and use of quantitation reference standards-either stable isotope-labeled peptides or proteins-are discussed as they apply to the MS quantitation of membrane proteins. Technological considerations for the sample preparation of membrane transporter proteins are also presented.
INTRODUCTION
Transmembrane proteins, defined as having one or more membrane spanning domains, comprise about 25% of the eukaryotic proteome, and are involved in many important biological structures, functions, and pathways (1) . They are particularly important in their roles for cell homeostasis. Thus, membrane proteins are targets for the development of new diagnostic and therapeutic approaches. Overall, they form about 70% of all known drug targets (2) . Membrane proteins have been scrutinized by many different analytical methods to further understand their structure and behavior. X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are two powerful methods that have been unable to fully explain the behavior of these species, in particular for transmembrane proteins. Analytical challenges arise in the form of poor crystallization, relatively low abundance, and the large mass of these proteins. Immunoaffinity-based analysis has also been used for membrane proteins; however, it relies on the development of target-specific antibodies. The development of these immuno-grade antibodies can be difficult and expensive for membrane proteins. With the advancement of instrumentation and new methodologies, mass spectrometry (MS) is increasingly expanding its utility in the quantitative analysis of complex protein or proteome samples (3) . Like X-ray and NMR analysis, MS-based quantitation of transmembrane proteins needs to deal with the same analytical challenges coming from intrinsic characteristics of these proteins.
The requirement of elaborate sample preparation and the reproducibility of MS analysis are restraints for quantitative MS. Stable isotope dilution (SID), which uses a stable isotope-labeled internal standard (IS), is a common means of MS-based quantitation and results in high accuracy and precision. SID when coupled to a multiple reaction monitoring (MRM) workflow in tandem MS, is the pillar of targeted quantitation of proteins (4, 5) . With enhanced sensitivity and selectivity, MRM-MS also becomes an emerging technology for clinical applications (6) (7) (8) .
This review provides an observation on the workflow and challenges in published literature for SID-MS of membrane protein quantitation. The review includes SID approaches developed at both protein and peptide levels, experimental designs, and sample preparation techniques. Two major MS strategies, nontargeted and targeted quantitation, will be discussed as the major measurement platforms.
MEMBRANE TRANSPORTERS IN DISEASE AND THERAPEUTICS
Cells maintain stable internal conditions (homeostasis) via controlling the passage of substances through cell membranes (9) . Membrane transporters are integral membrane proteins that help maintain homeostasis by controlling the movement of ions, molecules, and even macromolecules across biological membranes. Therefore, membrane transporters are important in transferring essential ions and nutrients, to drug absorption, and for the exportation of cellular waste products (10) (11) (12) (13) (14) . The transporter classification system classifies the great variety of membrane transporters according to their function and phylogeny (15) .
Membrane Transporters in Disease
A multitude of diseases are caused by an absent or malfunctioning membrane transporter. A noncomprehensive list of disease-related transporters studied using MS is presented in Table I (21) .
Membrane Transporters in Drug and Biomarker Discovery/ Screening
Quantitative analysis of the membrane subproteome can help elucidate disease mechanisms and drug targets. As the membrane proteome is increasingly explored and understood, the possibility increases to find new potential drug targets (22) . A recent article studies the targeting of ABBC2 in the apical membrane (23) . The gene ABBC2 encodes for a multidrug resistant transporter (MRP) called MRP2. MRPs make less effective treatment of disease; drugs are cleared or denied entry by these transporters (24) . Breast cancer resistance protein is the MRP, which is responsible for biliary clearance of many drugs. Its expression level was measured by liquid chromatography (LC)-MS/MS in livers with variant alleles (18) . In the biomarker area, one of the great desires for a potential biomarker is ease of measurement. This not only refers to the analytical skills needed to do a quality measurement but also easy access. Thus, biomarkers are usually studied in bodily fluids: urine, blood, cerebral spinal fluid, etc. This being said, membrane proteins (for noncirculating cells) as biomarkers would require looking at the cell membrane via biopsy; however, if the membrane protein (or part of it) were shed and released into the blood, then it could possibly be measured in that matrix (25) . The direct measurement of a cell's membrane protein is still being evaluated for developing potential biomarkers. Two recent studies showcase this point: gastric cancer biomarkers (26) and lymph node metastasis and lung adenocarcinoma (27) .
MS ANALYSIS OF MEMBRANE TRANSPORTERS Sample Preparation and Separation
A number of challenges exist for MS-based quantitation of membrane transporters. The plasma membrane needs to be disrupted, typically using detergents to retrieve the proteins. Relative low abundance of the proteins further makes the quantitation difficult. Various methods for enriching membrane proteins are investigated (28) .
Enrichment of plasma membrane proteins can be achieved by exploiting the amine group of lysine residues on extracellular loops of the proteins. Amine groups form covalent bonds with a separation enabling reagent, typically an active ester-biotin molecule. Followed by cell lysis, the biotin-tagged proteins can be pulled down by avidin onto solid supports. Examples for such enrichment include studies of ovarian cancer (29) and cancer metastasis (30) . A metal affinity column can be used to enrich poly-histidine fusion proteins in a similar way (31) ; engineered cells need to be used, however. Cationic particles have also been utilized to enrich membrane proteins, and the proteins are collected in sheets of membranes coated with the particles (32, 33) . This is a global and fast method for membrane protein enrichment, and it can also allow for automation based on properties of the particles.
Due to the hydrophobic nature of membrane proteins, sodium dodecyl sulfate-polyacrylamide gel electrophoresis is a good choice for protein separation. Detergents can be used to solubilize proteins and then readily removed via subsequent gel washing. The separation method can be further integrated with in-gel protein digestion by specific proteases (e.g., trypsin) and LC separation of the resulting peptides. This workflow is often referred to as GeLC. When gel casting and running conditions are controlled, large membrane proteins can be well separated from smaller proteins and be enriched in a narrow, high molecular weight region of the gel. In addition, the sample complexity can be further reduced by centrifugation fractionation prior to electrophoresis: zonal centrifugation followed by ultracentrifugation (34), sucrose gradient (35) , and zonal centrifugation with a commercial kit (36) . These three examples use precipitation after centrifugation to retrieve the protiens. Extraction with different organic solvents can also be used (37) .
An online LC system coupled to a mass spectrometer is routinely used for biological applications. However, it requires prior sample preparation when dealing with membrane transporter proteins in complex biological samples. Most LC techniques use complementary separation steps to overcome challenges in membrane protein MS analysis. When MSbased protein quantitation involves labeling techniques, buffers are additional source of potential interferences in the sample preparation steps (26, 38, 39) . Digestion of membrane proteins is also an important experimental step that should be optimized (40) .
Prefractionation of peptides following proteolytic digestion decreases sample complexity at the peptide level, resulting in improvement of detection and quantitation of low abundance membrane proteins. Multidimensional LC separations currently are common practice in analysis of proteome digests. Applying tandem separations using two stationary phases (columns) with orthogonal characteristics helps decrease the sample complexity to a great extent (41) . The most (20) common approaches involve online or offline strong cation exchange (SCX) coupled with reverse-phase chromatography as in the multidimensional protein identification technology (42) . The first dimension of chromatography is typically based on a salt gradient or pH fractionation using SCX or isoelectric pointbased separation using isoelectric focusing (43) . Chromatography is preferably performed at nanoliters per minute flow rates, in order to obtain good quantitation limits for low abundance proteins like membrane transporters (26, (44) (45) (46) . Fractionation of peptide mixtures of proteome digests also decreases suppression of ion generation of particular peptides in the ionization source of a mass spectrometer.
Mass Spectrometry
Targeted mass spectrometric quantitation is applicable to quantify previously identified protein targets in a mixture. In the analysis, the number of analyte targets is typically small. Thus, targeted MS quantitation is fast, sensitive, and specific (47) . In contrast, nontargeted MS quantitation measures analytes in a global, unbiased manner; many peptides in a proteome digest are identified and quantified together. Most of the nontargeted MS quantitation as in shotgun proteomics is based on data dependent analysis (DDA). In this tandem MS method, one survey scan is performed to screen the precursor ions, and when the precursor ions pass the defined criteria by the user, a subsequent MS/MS experiment is iniatiated to record fragments of the precursor ions. Abundant peptides yield large numbers of precursor ions and are readily detected based on DDA criteria (48, 49) . One advantage of nontargeted MS approaches is that there is no need for extensive method design and optimization of instrument parameters before doing the experiment.
MRM or selected reaction monitoring MS is a gold standard for MS quantitation of target peptides and proteins in complex biological samples. Due to the high level of selectivity and sensitivity, it is the method of choice in targeted quantitative proteomics (50) . Therefore, most of the SID-MS-based absolute and relative quantitation is implemented in MRM-MS. Two tandem steps of m/z selection of precursor and fragment ions, forming one particular gas-phase transition, drastically reduce the chance of the signal interference from off-target species; MRM-MS is focused on only specific target peptides. By limiting the number of target analytes, one can decrease the time of a full analysis cycle in a mass spectrometer. Additionally, it also increases the ions dwell time in the mass analyzer; therefore, data with higher quality is achievable. The best instrumental platform for MRM-MS analysis is a triple quadrupole tandem mass spectrometer (51) (52) (53) (54) (55) (56) . Figure 1 illustrates the mechanism of an MRM analysis in a triple quadrupole mass spectrometer. The mass selection (filtering) capability of a quadrupole mass analyzer is the key of the MRM analysis mode. Some of the commonly used mass spectrometers for MRM-MS and similar analysis include: TSQ triple quadrupole (57, 58) and ion trap (56) from Thermo-Finnegan, triple quadrupole from Agilent (59) and QTrap from ABSciex (44, 60) .
MS can be used in both high throughput and multiplexed quantitation (42, 47) . The significance of these two analytical merits is best exemplified in the context of the biomarker discovery pipeline (61, 62) . In the early stages of biomarker discovery, one is dealing with thousands of proteins, but with only a few numbers of biological samples to identify biomarker candidates. To identify potential candidates, there is a need for quantitative methods with multiplexing power, i.e., analyzing many different analytes in a single experiment. This is typically done by nontargeted MS for quantitative profiling of small sets of samples. The MRM-MS strategy can then be applied to validate the candidates via multiplexed, targeted quantitative analysis, in which hundreds of transitions can be set for quantitative measurements of the biomarker candidates, with high sensitivity and confidence (62, 63) . Validation of the selected peptide candidates can also be done by MRM-MS, but with a varied focus on limited number of analyte targets in many samples (64) .
MS QUANTITATION VIA STABLE ISOTOPE DILUTION
The use of an internal standard (IS) is vital to quantitative MS analysis. Protein quantitation in general is based on measurements of MS signals generated from surrogate peptides; these serve as signatures for precursor proteins. Because MS analyzes molecules based on their mass/charge ratios, stable isotope analogues are well suited as internal standards for MS quantitation. Multiple steps in sample preparation and intrinsic difficulties in membrane protein manipulation make the use of internal reference standards essential for accurate quantitation. High preanalysis property similarities between analyte molecules and their stable isotope analogues are required. In short, both types of molecules need to behave in the same manner before MS analysis, including coelution in the chromatographic system and the same ionization efficiency in a mass spectrometer. Although proteins are quantified by MS analysis of surrogate peptides, isotopic internal standards can be added in either forms of peptides or proteins. Compared to the addition of peptide standards, the use of protein standards allows for earlier incorporation into sample preparation workflows, thus Fig. 1 . MRM analysis using a triple quadrupole mass spectrometer for two preselected transitions the increased accuracy in quantitation. The IS approach is a better choice to avoid differential analyte loss than the use of a calibration curve (55, 65) . Table II 
Facilitated glucose transporter-member 1, 4 F2 cell-surface antigen heavy chain and large neutral amino acids transporter small subunit 1
Human breast cancer mitoxantrone resistant MCF-7 (MXR MCF-7) and MCF-7 (78) vary depending on the applied quantitation methodology. For example, the peptides containing cysteine residues usually are avoided in the derivatization-free approaches, whereas they are required in cysteine derivatization-based approaches. Table III shows a list of the criteria (58,79)
Use of Stable Isotope Labeled Peptide Standards
A peptide internal standard is a heavy isotope counterpart of a signature peptide. Stable isotope-labeled peptides are commonly used as quantitation references for signature peptides whose concentrations are stoichiometrically equivalent to those of target proteins. The labeled peptides can be made via either derivatization-free approaches or derivatization-based methods. Derivatization-free approaches are relatively simple and easy to use. While derivatization-based methods are cost effective and allow for analysis of increased numbers of samples in a single analysis, however, this comes at the expense of increased sample complexity due to chemical derivatization of the sample. Labeled peptides are introduced to samples after protein digestion (Fig. 2) . In comparison, stable isotope-labeled protein standards are introduced after protein/proteome samples being collected.
Derivatization-Free Methods

AQUA Peptides
Peptides containing stable isotope-labeled amino acids, the so-called absolute quantitation (AQUA) peptides, are chemically synthesized and used for the absolute quantitation of proteins and their modifications (51) . Heavy amino acids used for synthesis mostly carry 13 C or 15 N in order to obtain the minimal retention time deviation from that of the native peptide in reverse phase chromatography.
2 H are less expensive and can also be incorporated in less hydrophobic residues of the synthetic peptides (55, 80) . Several reports use the AQUA strategy to analyze membrane proteins and membrane transporters. Absolute quantitation of rhodopsin, a prototype of the G proteincoupled receptor superfamily of transporters, was reported (58) . Rhodopsin was quantified with two methods; spiked-in labeled peptide standards and generating an external standard calibration curve. The results were comparable with each other. In addition, AQUA was applied for quantifying p-glycoprotein, as a drug transporter, in two systems: Caco-2 cells and human embryonic kidney-multidrug resistance 1 (HEK-MDR1) vesicles (59) . The quantitative results showed a relationship between the level of the p-glycoprotein expression measured by LC-MRM-MS and its functionality determined by 3 H-labeled N-methyl quinidine (NMQ) uptake by the cell. The expression of the ATP-binding cassette (ABC) transporters was comprehensively profiled using the AQUA approach, in the human platelet membrane proteome (44). The atorvastatin drug uptake level was investigated by measuring the level of anion transporting polypeptide family (OATP2B1) expression in human platelets and megakaryocytes differentiated from CD34 + stem cells, using VLLQTLR as the signature peptide to OATP2B1 (60) .
In a clinical study, the expression difference of MRP2/ ABCC2 transporter was measured in 51 hepatic tissue samples from a liver bank. A synthetic, isotope-labeled peptide (LTIIPQDPILFSGSL [ 13 C 6 15 N 1 ] R) was used to quantify the corresponding surrogate signature peptide for MRP2. It was found that the MRP2 expression level is neither age (7-61 years old) nor sex dependent (6) . In a similar study, concentration of BCRP/ABCG2 was measured for samples with a range of age, sex, and genotype, using the AQUA strategy (8) . The selected signature peptide was SSLLDVLAAR. This peptide differs from the signature peptide, ENLQFSAALR, used in an earlier study of the same protein (81) . It is claimed that the selection of the new peptide resulted in quantitation with improved sensitivity. The hepatic expression of BCRP also was found neither sex nor age (7-70 years old) dependent.
Absolute quantitation of 36 membrane transporters in mouse kidney, liver, and brain tissues was conducted and 216 MRM transitions were monitored in a single MS analysis (58) . The same research group later studied drug disposition on a model system of cynomolgus monkeys. They profiled the membrane protein expression and its change in the monkey and compared the results with a previous blood-brain barrier (BBB) microvessel study in mice (66) . Later on, they investigated the membrane transporters in human cerebral microvascular endothelial cells (hCMEC/D3) as a human model for BBB (67) . They quantified 12 membrane transporters in the membrane fractions and the whole cell lysate separately and compared those to human umbilical vein endothelial cells. Comprehensive quantitation of the human BBB transporters and receptors in human brain microvessels from seven male humans (16-77 years old) was reported in a different study (45) , and the results were extensively compared to that of the mouse study (58) .
AQUA strategy is fast and relatively cheap and simple. Additionally, it is applicable for quantitation of proteins independent of their origins. However, since it is added after protein preparation and digestion, the prior differential sample loss and the varying protein digestion efficiency compromise the quantitation accuracy and precision. When many peptides are targeted for quantitation, the cost of labled peptides as the references increases.
O-Labeled Peptides
Another approach for derivatization-free production of labeled peptides uses the method of enzymatic 18 O labeling of peptides (82) . 18 O is specifically incorporated into the carboxylate group at the C-termini of the peptides via protease catalysis. This is a global strategy in which virtually all peptides in a sample (e.g., the membrane proteome digest) can be labeled and used as quantitation references. The simplicity and global applicability of 18 O-labeled peptides make the technique attractive for biomarker discovery and clinical applications. Caution should be taken, however, to avoid the back-exchange reaction, via e.g., complete removal of enzymes used for the 18 O labeling. Protein membrane enrichment together with an 18 Olabeled quantitation reference was used to screen differential membrane protein expression in normal human biliary tract tissue and xenografts from human cholangiocarcinomas, in a quest for potential cancer biomarkers (69) . A number of novel biomarker candidates were proposed, such as golgi membrane protein 1, moesin, and calcium and integrin binding protein (Calmyrin). Furthermore, this study confirmed the previously reported overexpressed membrane proteins. 18 O-labeled peptides were also utilized to study the effect of hypoxia on membrane protein expression (70) . Relative quantitation of the membrane proteins in hypoxic and normoxic B16F10 melanoma cells showed that 44% of the membrane protein subset is significantly upregulated in the hypoxic condition; among them were aminopeptidase N (CD13) and stromal cell derived factor I (SDF-1). Another study reported the use of 18 O-labeled peptides for the differential membrane protein expression in a wild type Shewanella oneidensis MR-1 and a type II secretion protein (gspD) deleted (ΔgspD) mutant (71) . It is believed that type II secretion system (T2SS) in this organism is impaired due to ΔgspD mutation. A group of membrane proteins that were translocated during the secretion mechanism had altered abundance and therefore were identified as potential substrates for T2SS (71) . When signature peptides are selected for a target protein, previously nonlabeled synthetic peptides can also be labeled with 18 O via acid-catalyzed exchange (83, 84 ). However, it should be noted that compared to the enzymecatalyzed exchange, the acid labeling method should be only used for signature peptides with small numbers of carboxylate groups and that do not have significant side reactions under acidic conditions. An acid-labeled peptide has been utilized as the quantitation standard to measure cystic fibrosis transmembrane conductance regulator in human intestinal (HT29) and baby hamster kidney (BHK) cell lines (68) . The signature peptide was NSILTETLHR, and the IS was prepared as NSILTETLHR- 18 O 4 via acid catalysis (68).
Derivatization-Based Methods
Peptides Labeled with ICAT™
Isotope Coded Affinity Tag (ICAT) reagents carry three major functional groups, each designed for a specific purpose: a reactive group which targets specific peptides for effective derivatization, an isotope coded linker which acts as a mass tag, and an affinity tag for downstream enrichment of tagged peptides (52) , which makes the ICAT strategy especially useful for low abundant proteins quantitation. Light and heavy ICAT reagents can be used to separately derivatize two protein digests (e.g., control/treated or healthy/diseased samples). The heavy linker differs from the light by the designed mass difference. A thiol reactive group is designed to react with cysteine residues in peptides. The affinity tag is biotin, which allows for enrichment of labeled peptides using avidin pull-down strategies. In a study, ICAT was utilized to characterize and quantify 491 proteins in microsomal fractions of native and in vitro differentiated human promyelocytic leukemia (HL-60) cell lines (56) . The two native and 12-phorbol 13-myristate acetate (PMA) treated microsomal fractions were labeled with D 0 and D 8 ICAT reagents, respectively. It was revealed that certain membrane associated proteins and membrane associated signal transduction proteins show significantly lower expression levels in the PMA-treated cell line. ICAT reagents not only allow for SID-based MS quantitation but also sample complexity reduction, which further improves quantitation precision and accuracy. In another study, the combination of ICAT and
18
O labeling was utilized to compare the efficacy of two different detergents, Triton X-100 and Brij-96, for extracting detergent-resistant membrane microdomain (DRMM) proteins (72) . The study in rat basophilic leukemia cells (RBL-2H3) showed that Triton X-100 more effectively extracted both DRMM and non-DRMM proteins.
Peptides Labeled with iTRAQ™/TMT™ Reagents
Other common derivatization methods for labeling peptides with stable isotopes include Isobaric Tagging for Relative and Absolute Quantitation (iTRAQ ™) and Tandem Mass Tagging (TMT ™). Both of these methods allow for the analysis of multiple samples in a single experiment. iTRAQ reagents are a multiplexed (four-and eightplex) set of isobaric reagents that are reactive to the Ntermini of peptides. All the iTRAQ reagents in a set are isobaric, but upon fragmentation in a mass spectrometer, the derivatized peptides produce small mass ions, differing in mass/charge ratios (i.e. 114, 115, 116, and 117). The intensities of these ions report the relative quantities of the same peptide in different samples (53) . The TMT strategy operates under the same principle (54) .
The iTRAQ approach was utilized to quantify SLC3A2 as a gastric cancer biomarker in HFE145 and MKN7 cell lines (healthy and cancerous), respectively. Tryptic peptides from membrane protein fractions were labeled with the iTRAQ reagents. The ratio of the differentially labeled peptides (the ratio of a protein in different samples by implication) was measured by quantifying the peak areas under m/z 114 (HFE145) and 116 (MKN7). Expression levels of solute carrier family of transporters, such as SLC7A5 and SLC3A2, were compared for the two cell lines (26) . Furthermore, a four-plexed iTRAQ strategy was implemented to study a multidrug resistant Acinetobacter baumannii (74) . A specific clinical isolate, A. baumanii DU202 that is resistant to selected antibiotics was chosen to study the cell wall and membrane proteome in two different culture conditions (with and without antibiotics). A total of 484 proteins were identified and 62.4% of them were plasma membrane proteins in the outer, inner, or periplasmic areas of the membrane. Quantitative analysis was also reported. Combined use of four-and eight-plex iTRAQ reagents was employed to study the aging process and its effect on the cell membrane bound macromolecules on lens (75) . A number of integral membrane proteins were quantified in a targeted manner. Major lens proteins, such as crystalline and cytoskeletal proteins, were found to become tightly bound to the membrane of older fiber cells. Another three-plexed iTRAQ approach was taken to study pancreatic zymogen granule membranes to distinguish the intrinsic membrane proteins from the peripheral proteins in the rat pancreata zymogen granule membranes (73) . TMT™ reagents have also been employed to study the membrane protein expression of wild type and PrP- Fig. 3 . General workflow of targeted and nontargeted (in red) proteome quantitation using protein/ proteome standards knockout (PrP-KO) cerebellar granule neurons (57) . Three membrane proteins, COX2, CADM3, and BASI, were found to be significantly downregulated in PrP-KO neurons. Three samples, derivatized using three different TMT™ reagents, were quantified in parallel by MRM-MS.
Use of Stable Isotope-Labeled Protein or Proteome Standards
Addition of stable isotope-labeled internal standards at any earlier stage of sample preparation workflow leads to a more reliable and accurate quantitation. Addition of the stable isotope standard allows for normalization of differential sample loss in different preparation steps (Fig. 3) . Therefore, studies that take this analytical advantage are emerging. Generation of stable isotope-labeled proteins has practical limitations in design and development. They are often more costly than making labeled peptide standards. A few methods, including stable isotope labeling by amino acids in cell culture (SILAC) and protein standard absolute quantitation that use whole protein internal standards, are established for MS quantitation of proteins. SILAC is commonly used and labels all proteins in a proteome by adding heavy amino acids in the cell culture media (85) . Proteome-wide labeling of the SILAC method makes it suitable for global relative quantitation studies. However, this approach only fits to quantitation of proteome, originated from cultured cells and not tissues or biopsies. The SILAC approach was applied to investigate the proteome expression of the metastatic phase of prostate cancer. PC3M-LN4 cells cultured in SILAC media containing 13 C 6 lysine and PC3M cells in normal media; these cell lines represent a pair of high and low metastatic potential models. Among a total of 444 identified proteins, membrane proteins such as voltage-dependent anion-selective channel protein 1 and an uncharacterized protein with GenBank accession number of 22760762 were pinpointed as potential biomarkers (76) . The SILAC technology was also used for a comparative study of the undifferentiated and differentiated human embryonic stem cells (hESH) in their expression levels of membrane proteins (77) . In another study, membrane protein changes in breast cancer cells upon acquiring drug resistance were quantified with the SILAC assistance (78) . Secreted proteins with stable isotope labels, including the shedded membrane proteins, were prepared via the SILAC approach and used as internal standards for relative and absolute quantitation (86) . Stable isotope-labeled, full-length proteins are recently being synthesized in vitro as reference standards for MS quantitation (87) . However, their use for quantitative measurements can be limited for membrane transporter proteins, partly due to the poor solubility and typically large size of the proteins.
The SILAC strategy was adapted to quantify proteins in tissue samples. In the so-called super SILAC approach, multiple SILAC cell lines of HMEC, MCF7, HCC2218, HCC1599, and HCC1937 were pooled to prepare a single protein standard to study breast cancer tissue (88) . A related approach quantified tissue and biopsy samples using stable isotope labeling of mammals (SILAM) (89) . Quantitation of dystrophin in human muscle biopsy was successfully performed using SILAM tissues of mice which were fed with custom diet containing 13 C 6 -lysine (90) . These methods are suitable for quantifying membrane transporters in tissues and biopsies.
CONCLUSION
MS is arguably the most promising technology for absolute quantitation of proteins. Applications of SID-based quantitative MS to transmembrane protein research are emerging. Successful MS analysis of transmembrane proteins requires effective sample preparations: protein enrichment and fractionation, proteolytic digestion, and peptide separations. The fundamental principle of SID-MS technology is the minimization of differential analyte loss among samples and the use of an internal standard for quantitation normalization. Challenges in preparing transmembrane protein samples, mainly due to their high hydrophobicity and molecular weight, necessitate quantifying the proteins through their surrogate signature peptides. It is convenient and cost effective to use stable isotope-labeled peptides as quantitation references for MS analysis. Use of reference proteome standards with globally labeled proteins allows for the early addition of a quantitation references into samples, thus improving quantitation accuracy.
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